Human African trypanosomiasis (HAT), transmitted by tsetse flies, has historically infected hundreds of thousands of individuals annually in sub-Saharan Africa. Over the last decade, concerted control efforts have reduced reported cases to below 10,000 annually, bringing complete elimination within reach. A potential technology to eliminate HAT involves rendering the flies resistant to trypanosome infection. This approach can be achieved through the introduction of transgenic Sodalis symbiotic bacteria that have been modified to produce a trypanocide, and propagated via Wolbachia symbionts, which confer a reproductive advantage to the paratransgenic tsetse. However, the population dynamics of these symbionts within tsetse flies have not yet been evaluated. Specifically, the key factors that determine the effectiveness of paratransgenesis have yet to be quantified. To identify the impact of these determinants on T.b. gambiense and T.b. rhodesiense transmission, we developed a mathematical model of trypanosome transmission that incorporates tsetse and symbiont population dynamics. We found that fecundity and mortality penalties associated with Wolbachia or recombinant Sodalis colonization, probabilities of vertical transmission, and tsetse migration rates are fundamental to the feasibility of HAT elimination. For example, we determined that HAT elimination could be sustained over 25 years when Wolbachia colonization minimally impacted fecundity or mortality, and when the probability of recombinant Sodalis vertical transmission exceeded 99.9%. We also found that for a narrow range of recombinant Sodalis vertical transmission probability (99.9-90.6% for T.b. gambiense and 99.9-85.8% for T.b. rhodesiense), cumulative HAT incidence was reduced between 30% and 1% for T.b. gambiense and between 21% and 3% for T.b. rhodesiense, although elimination was not predicted. Our findings indicate that fitness and mortality penalties associated with paratransgenic symbionts, as well as tsetse migration rates, are PLOS Neglected Tropical Diseases |
Introduction
Human African trypanosomiasis (i.e. HAT or sleeping sickness) has historically infected more than 300,000 individuals annually in sub-Saharan Africa [1] . Over the last decade, concerted control efforts have reduced the annual number of reported HAT cases to between 7,000 and 10,000 [2] [3] [4] . The vast majority of these cases result from infection with Trypanosoma brucei gambiense, which is found in West and Central Africa and causes a chronic form of the disease. The remainder of sleeping sickness cases arise from Trypansoma brucei rhodesiense infection, which is prevalent in East and South Africa and causes a more acute form of the disease. The WHO aims to eliminate HAT as a public health problem by 2020 [3] .
Past and current HAT control efforts have focused on active surveillance, treatment of humans and animal reservoirs, and tsetse vector control. Patient-targeted strategies face many obstacles; there is no vaccine and treatment requires expensive and toxic intravenous drugs [5, 6] . Vector control strategies-including insecticide, traps, land clearing, and sterile male releases-have had some success in reducing the incidence of disease by controlling tsetse populations [5, 6] . However, to control or eliminate the disease, sustained strategies are required [5, 6] . Without such efforts, the disease reemerges, as evidenced by the tsetse and HAT resurgence that occurred in the 1980s following a lapse in control efforts [7] . A potential technology to control HAT involves rendering tsetse flies refractory to trypanosome infection via the introduction of genetically modified symbiotic bacteria [8] [9] [10] . In this paratransgenic technique, one of the symbionts, of the genus Sodalis, is modified to produce a trypanocidal molecule [11] , while the other, of the genus Wolbachia, confers a reproductive advantage to the paratransgenic flies via cytoplasmic incompatibility [12] . It is Wolbachia that drives Sodalis into the tsetse population. This paratransgenic approach has the potential to be sustainable, because the recombinant symbionts are vertically propagated throughout the tsetse population from mother to offspring [8] [9] [10] 13] .
Although this approach has been used to reduce the vectorial capacity of other insects including triatomine bugs (vector of Trypanosoma cruzi), sandflies (vector of Leishmania), and mosquitoes (vector of malaria), paratransgenesis has not yet been implemented in the field as an intervention for tsetse [14] [15] [16] [17] [18] [19] . Both the genetic modification of Sodalis and its vertical transmission from mother to offspring have been investigated in the laboratory, as has the ability of Wolbachia to generate cytoplasmic incompatibility within tsetse [12] . However, several questions remain around the dynamics of recombinant Sodalis and Wolbachia within the tsetse population as the intervention continues to be developed. In particular, it is not yet known if colonization with the new symbionts would impose any fitness penalties for tsetse fecundity or mortality, or how these penalties might affect HAT elimination. Furthermore, it is also not known how the migration of tsetse in and out of a targeted area-which is not yet quantified for many locations within sub-Saharan Africa-might dilute the impact of the intervention.
In a previous study, we developed a mathematical model that incorporated the population genetics of cytoplasmic incompatibility-inducing Wolbachia with the transmission dynamics of T.b. gambiense [13] . We used this model to demonstrate the potential for Wolbachia-colonized tsetse to establish themselves in a population of wild type tsetse. We also used the model to examine the reduction in T.b. gambiense HAT that would be observed if these Wolbachiacolonized tsetse were resistant to trypanosome infection. In the current study, we expanded our mathematical model of trypanosome transmission and tsetse population dynamics to incorporate the vertical transmission of both Wolbachia and Sodalis (wild type and recombinant) symbionts, as well as transmission of both T.b. gambiense and T.b. rhodesiense. We parameterized our model using existing data from the epidemiological and entomological literature for T.b. gambiense and T.b. rhodesiense, respectively. To evaluate the contributors to HAT elimination via paratransgenesis, we assessed the prevalences of Wolbachia and recombinant Sodalis reached within the tsetse population, the changes in the reproductive number of HAT, as well as the percentage reduction in HAT cases predicted over 25 years for varying Wolbachia and recombinant Sodalis-associated fecundity and mortality penalties, vertical transmission probabilities, and tsetse migration rates.
Methods

Model Description
To project the temporal dynamics of the paratransgenesis symbionts and the proportion of HAT cases over 25 years, we extended our previous model of trypanosome transmission [13] to include tsetse and symbiont population dynamics (Fig 1, see S1 Text for model equations). The model was parameterized to reflect T.b. gambiense or T.b. rhodesiense transmission (see Table 1 for parameter values), respectively, with two major distinctions between the trypanosome species: the infectious period of T.b. gambiense is much longer than that of T.b. rhodesiense, and the tsetse vectors of T.b gambiense have a greater preference for feeding on humans versus animals than the vector of T.b. rhodesiense. Thus, in the absence of any intervention, the prevalence of T.b gambiense within humans relative to that of T.b. rhodesiense is higher in the model, consistent with observations in sub-Saharan Africa [2] .
In our model, susceptible human and/or animal hosts can be infected with trypanosomiasis following a bite by an infected tsetse fly. Infected hosts progress from latent to infectious stages of the disease at rates corresponding to the natural history of HAT. Hosts transition from the infectious compartment following treatment, hospitalization, or death. Tsetse flies follow similar stages of disease progression. Wild type tsetse that have recently emerged from pupae are susceptible to trypanosome infection and can only be infected during their first blood meal on an infected host [20] . Although research has demonstrated that nutritionally deprived or older flies can be infected with trypanosomes, non-teneral flies are expected to play a minor role in the epidemiology of trypanosome transmission [21] . Thus, we assume that flies that have not been infected during their first blood meal are no longer susceptible to trypanosome infection and proceed to the resistant compartment. The duration that tsetse are susceptible to trypanosome infection is also varied in sensitivity analysis, as described below. Infected flies progress from the latent to infectious stages at rates corresponding to the natural history of trypanosome infection in tsetse. Infected flies do not recover from infection and stay infectious for the remainder of their lives.
Tsetse population dynamics are modeled simultaneously with disease transmission. Wild type flies are colonized with wild type Sodalis but not with Wolbachia. Paratransgenic flies are colonized both with recombinant Sodalis and Wolbachia. The rates of reproduction of offspring that are colonized with Sodalis alone, Wolbachia alone, neither symbiont, or both symbionts are determined from a combination of tsetse fecundity, the extent of Wolbachia's reproductive advantage, and the efficiency of the vertical transmission of the symbionts. Although symbiont density may vary within a tsetse host by age or mating status [22] , our population-level model stratifies by presence or absence of symbionts within tsetse and does not account for within host variation.
Flies colonized with recombinant Sodalis are resistant to trypanosome transmission. Consequently, they do not contribute to disease transmission and are born into to the resistant vector compartment. Flies without recombinant Sodalis are born into the susceptible vector compartment and can be infected with trypanosomes at their first blood meal. Paratransgenesis is modeled by introducing into the resistant vector compartment a number of recombinant Sodalispositive and Wolbachia-positive (i.e. paratransgenic) flies equal to 10% of the total wild type tsetse population size at the beginning of the model simulation.
Because paratransgenesis has not yet been developed for particular species of tsetse, we do not model a single species of tsetse. Model parameters that may differ among species, such as tsetse biting rates of humans and animals, are varied across ranges reported in the literature 
Tsetse mortality rate (per day) 0.01 0.005-0.015 [28] 0.01 0.005-0.015 [28] μ V1 Mortality density-dependence parameter a 0.0002
ϕ Sr Maternal transmission failure probability for recombinant Sodalis
Maternal transmission failure probability for wild type Sodalis ψ Vw Fraction of wild type-Sodalis-positive tsetse that are inherently immune Tsetse fecundity and mortality are density-dependent, and can be affected by intra-species competition [13] . Equations for tsetse birth and death rates can be found in S1 Text.
-Parameter values and ranges were assumed based on expert opinion. and calculated from both lab and field data for vectors of T.b. gambiense and T.b. rhodesiense (Table 1 ). In addition, model parameters for which precise values are not yet known, including paratransgenesis-specific parameters and migration rates, are varied across plausible ranges in the sensitivity analysis (Table 1) . Over the 25-year period of the model simulations, paratransgenic tsetse either become fixed in the population or went extinct. To reduce the reproductive number below one and sustain HAT elimination, we found that paratransgenic tsetse must become fixed at a prevalence greater than 84% for T.b. gambiense or 87% for T.b. rhodesiense. Fixation at prevalences below 84% or 87% will reduce the number of cases of T.b. gambiense or T.b. rhodesiense, respectively, but will not reduce the reproductive number below one and eliminate HAT. Thus, we used 84% and 87% paratransgenesis threshold as our criterion of HAT elimination of T.b. gambiense and T.b. rhodesiense, respectively.
Sensitivity Analyses
We performed local sensitivity analyses on the paratransgenesis parameters to determine the biologically and epidemiologically feasible ranges (Table 1 ) over which HAT elimination could be achieved. When elimination was not feasible, we also considered whether a reduction in HAT incidence is achievable over the 25 year simulations. To determine which paratransgenesis parameters had the greatest influence on the percentage of human cases averted as a result of the release of paratransgenic tsetse, we performed global sensitivity analyses, including calculating the sensitivity index and partial rank correlation coefficient (PRCC). Sensitivity indices were calculated by fixing the value for the parameter of interest at a value from its distribution of likely values and the proportion of human cases averted was calculated while all other parameters were randomly sampled from their distributions of likely values [23] . Joint distributions of likely parameter values were drawn from biologically realistic ranges (Table 1) , restricting possible parameter value combinations to those that produce an R 0 for trypanosomiasis greater than one, indicating sustained HAT transmission in the absence of intervention, as we know to be the case. In the presence of paratransgenic intervention, we calculated the mean and variance of human cases averted across all possible values of the parameter of interest from 1,000 simulations. We calculated the sensitivity index as the ratio of the variance of the estimate to the total variance in all estimates of the proportion of human cases averted. Sensitivity index values closer to one indicated that a variable contributed more to the uncertainty in the proportion of cases averted estimates. The proportion of HAT cases averted over 25 years was then calculated by execution of the model for each of 10,000 Latin Hypercube samples from the parameter ranges in Table 1 , with a further restriction of the joint distribution of likely parameter values to those combinations that yielded an R 0 for trypanosomiasis greater than one. PRCCs were calculated to evaluate the monotonicity of the relationship between each parameter sampled and the consequent proportion of HAT cases averted.
Results
We found that the fecundity and mortality penalties associated with Wolbachia or recombinant Sodalis colonization, the probability of vertical transmission, and tsetse migration rates are fundamental to determining whether HAT elimination is achieved via paratransgenesis. Parameter thresholds determined which of three possible outcomes occurred following the release of paratransgenic tsetse: complete HAT elimination, negligible impact on HAT burden, or partial reduction in HAT cases.
Our results show that for paratransgenesis to eliminate HAT, Wolbachia must drive recombinant Sodalis into the tsetse population at a prevalence greater than 84% (for T.b. gambiense elimination) or 87% (for T.b. rhodesiense elimination), which will render enough flies resistant to trypanosome infection, thereby reducing the reproductive number for HAT below one (Figs  2A and 3A) . A reproductive number less than one indicates that the spread of trypanosomiasis between flies, humans, and animals will eventually cease and the disease will be eliminated. When HAT is eliminated in this scenario, T.b. gambiense HAT 25 year cumulative incidence is reduced by 30% and T.b. rhodesiense HAT by 21% (Figs 2A and 3A) .
One-way sensitivity analysis identified several parameter thresholds that directly influenced whether paratransgenesis is likely to eliminate HAT. First, for Wolbachia to become fixed in the tsetse population and for the HAT reproductive number to be reduced below one, the Wolbachia fecundity penalty must be less than 1.5% (Fig 4A; i.e. 98.5% or more offspring of Wolbachia colonized tsetse successfully mature into adults), the probability of successful vertical transmission over 93.7% (Fig 4B; i.e. 6.3% or fewer of tsetse offspring are born without Wolbachia), the mortality penalty less than 1.5% (Fig 4C; i.e. Wolbachia colonized tsetse die at a rate no more than 1.5% greater than wild type tsetse), and the tsetse migration rate in and out of the population less than 65% above baseline migration (0.0007 or 3.5 tsetse in and out of the population of 5,000 per day; Fig 4D) . Second, in order for recombinant Sodalis to be driven by Wolbachia into the tsetse population at a prevalence sufficient to reduce the HAT reproductive number to below one, recombinant Sodalis colonization must have a fecundity penalty no more than 1.6% ( Fig 4E; i.e. 98.4% or more offspring of recombinant Sodalis colonized tsetse mature into adults), a probability of vertical transmission success greater than 99.9% ( Fig 4F; i. e. fewer than 0.1% of offspring are born without recombinant Sodalis), and a mortality penalty of recombinant Sodalis colonization no greater than 1.6% (Fig 4G; i.e. recombinant Sodalis colonized tsetse die at a rate no higher than 1.6% that of wild type tsetse).
If the fitness penalty or migration rate parameter thresholds are exceeded, paratransgenesis will not eliminate or reduce HAT. Under these conditions, Wolbachia does not drive itself into the tsetse population and recombinant Sodalis also does not become fixed in the tsetse population ( Figs 2B and 3B) . Consequently, the number of tsetse colonized with recombinant Sodalis drops to zero quickly over a period of a few years, the HAT reproductive number remains above one, and the cumulative number of human or animal HAT infections is not reduced by more than a few percent. Another challenge can arise if recombinant Sodalis becomes unlinked from Wolbachia vertical transmission due to imperfect vertical transmission of recombinant Sodalis (Figs 2C and 3C ). In this case, while Wolbachia becomes fixed in the tsetse population, trypanocidal recombinant Sodalis does not. Thus, the HAT reproductive number remains above one and cases are not reduced.
Local sensitivity analysis also identified parameter regions for which paratransgenesis could partially reduce HAT over 25-years without complete elimination. If the probability of recombinant Sodalis transmission failure from paratransgenic mother to offspring is greater than 0.1% but lower than 9.4% for T.b. gambiense or lower than 14.2% for T.b. rhodesiense (Fig 4F) , recombinant Sodalis becomes partially, but not completely, unlinked from Wolbachia transmission ( Figs 2D and 3D ). In this parameter range Wolbachia still becomes fixed in the tsetse population at a prevalence close to 100%, but recombinant Sodalis becomes fixed at a lower prevalence between 84% (T.b. gambiense) or 87% (T.b. rhodesiense) and 0%. The HAT reproductive number is not reduced below one. When the probability of vertical transmission failure of recombinant Sodalis is less than 0.1%, approximately 30% of T.b. gambiense and 21% of T.b. rhodesiense HAT cases are averted ( Fig 5) . As the probability of vertical transmission failure is increased from 0% to 9.4%, the cumulative HAT cases averted drops to 1% for T.b. gambiense; when it is increased to 14.2%, the cumulative HAT cases averted drops to 3% for T.b. rhodesiense, indicating that HAT elimination is highly sensitive to the probability of recombinant Sodalis vertical transmission failure. Table 2 ). The remaining paratransgenesis parameters did not appreciably influence the percentage of HAT cases averted over 25 years, and had statistically significant PRCCs less than 0.25 and sensitivity indices equal to or less than 0.01 (Table 2 ). Therefore, ensuring that there is a low fecundity penalty for Wolbachia is paramount for HAT elimination to be achievable.
Discussion
To investigate how the dynamics of Wolbachia and recombinant Sodalis impact HAT elimination via paratransgenesis, we modeled the dynamics of T.b. gambiense and T.b rhodesiense infection in humans, animals, and tsetse, while also incorporating the population dynamics of tsetse symbiotic bacteria Wolbachia and Sodalis into our model. We found that HAT elimination was highly dependent on thresholds for fitness penalties associated with paratransgenesis, inefficiencies in symbiont transmission, and tsetse migration. When these parameters were below their threshold values, Wolbachia and recombinant Sodalis became fixed in the tsetse population at a prevalence close to 100% over a period of 25 years, rendering the majority of the tsetse population resistant to trypanosome infection and thereby eliminating T.b. gambiense and T.b. rhodesiense cases. If either Wolbachia or recombinant Sodalis did not become fixed in the population at a prevalence high enough to reduce the reproductive number below one, as was the case when the thresholds for paratransgenesis parameters are exceeded, HAT was not eliminated. Furthermore, the thresholds for elimination did not vary by trypanosome species, despite differences between T.b. gambiense and T.b. rhodesiense regarding prevalence and duration of infection within humans and animals, as well as regarding vector preference for feeding on humans versus animals.
We found that fecundity and mortality penalties associated with Wolbachia colonization most influenced the successful fixation of paratransgenic tsetse and reduction in HAT cases. When these penalties are too high or vertical transmission from mother to offspring is not efficient, Wolbachia fails to serve as a driver of recombinant Sodalis into the tsetse population. The migration of wild type tsetse into the modeled population and paratransgenic tsetse out of the population also significantly impacted HAT elimination. When migration rates are too high, paratransgenic tsetse density is diluted by wild type tsetse, and HAT is not eliminated. The likelihood of HAT elimination is also sensitive to the fecundity and mortality penalties of recombinant Sodalis, as well as to vertical transmission probability. When penalties are too high or vertical transmission is inefficient, recombinant Sodalis becomes unlinked from Wolbachia vertical transmission, and paratransgenic tsetse fails to eliminate HAT. In addition, we determined parameter regions for which HAT elimination is not likely, but for which a reduction in incidence could be sustained. Specifically, when vertical transmission is between 99.9% and 90.6% (for T.b. gambiense) or 85.8% (for T.b. rhodesiense), recombinant Sodalis could become fixed in the tsetse population at a prevalence between 0% and 84% (T.b. gambiense) or 87% (T.b. rhodesiense) over the course of 25 years, thereby partially reducing cumulative T.b. gambiense HAT incidence between 30% and 1% and T.b. rhodesiense HAT incidence between 26% and 3%, respectively. Although paratransgenesis has the potential to successfully eliminate HAT, the high sensitivity of Wolbachia and recombinant Sodalis prevalence to symbiont fitness penalties and tsetse migration rates indicates that these properties are fundamental to the effectiveness of paratransgenic approaches developed to curtail HAT. Given that HAT elimination is most sensitive to Wolbachia parameters, it will be essential to select a Wolbachia subspecies that has minimal, if any, fitness penalties in tsetse. Wolbachia infections are heterogeneous in natural populations, and prevalence has been found to vary from 0% to 100% [12, 24, 25] . In the laboratory, Wolbachia infections have been established in multiple tsetse species with a prevalence of 100% [12, 24, 25] . The successful elimination of HAT via paratransgenesis will not only necessitate the selection of Wolbachia species that have minimal fitness penalties in tsetse, but also tsetse species that are both well-suited to the ecology of targeted location and able to host a Wolbachia infection.
Moreover, it will also be critical to ensure that the recombinant Sodalis strain is transmitted from mother to offspring with a nearly 100% probability, and that it imposes only minor fecundity or mortality penalties. There is evidence that unmodified Sodalis alone may affect the fecundity or mortality of some tsetse species [14, 26, 27] . Of particular importance is the engineering of recombinant Sodalis to produce a molecule that effectively targets trypanosomes without simultaneously reducing the fitness of Sodalis. These characteristics of the selected Wolbachia strain and engineered recombinant Sodalis will need to be rigorously tested to ensure that HAT is successfully eliminated. If it becomes apparent that high vertical transmission probabilities for recombinant Sodalis cannot be achieved, the potential for partial reduction in HAT incidence will need to be investigated to determine if the benefit is nonetheless worth the cost of the intervention. Furthermore, if recombinant Sodalis transmission inefficiencies cause paratransgenic tsetse to be established at a prevalence in the population lower than the 84% or 87% required for elimination of T.b. gambiense or T.b. rhodesiense, respectively, it may be possible to time subsequent releases of paratransgenic flies-each using different subspecies of Wolbachia-to continue to drive recombinant Sodalis into the tsetse population. Finally, because migration rates may vary by location and tsetse species, paratransgenesis should be targeted to areas with low rates of tsetse migration. Low migration, combined with trapping of wild type flies prior to the intervention, maximizes the relative density of paratransgenic flies, ensuring the greatest number of HAT cases are averted while paratransgenic flies are prevalent, even if HAT elimination is not achieved.
Supporting Information S1 Text. This document contains an appendix of additional model description and equations.
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